As recently described, the deliberate removal of the proposed electron transfer pathway from cytochrome c peroxidase resulted in the formation of an extended ligand-binding channel. The engineered channel formed a template for the removed peptide segment, suggesting that synthetic surrogates might be introduced to replace the native electron transfer pathway. This approach could be united with the recent development of sensitizer-linked substrates to initiate and study electron transfer, allowing access to unresolved issues about redox mechanism of the enzyme. Here, we present the design, synthesis, and screening of a peptide library containing natural and unnatural amino acids to identify the structural determinants for binding this channel mutant. Only one peptide, (benzimidazole-propionic acid)-Gly-Ala-Ala, appeared to interact, and gave evidence for both reversible and kinetically trapped binding, suggesting multiple conformations for the channel protein. Notably, this peptide was the most analogous to the removed electron transfer sequence, supporting the use of a cavity-template strategy for design of specific sensitizer-linked substrates as replacements for the native electron transfer pathway.
A number of questions about the function of heme enzymes and electron transfer (ET) in general could be addressed in a novel approach by introducing artificial ET pathways into the context of a native enzyme. Cytochrome c peroxidase (CCP) forms an ideal scaffold for such studies because it is well characterized and contains a defined structural element that has been proposed to function as an ET pathway, yet the role of this proposed pathway remains controversial. CCP catalyzes the oxidation of two equivalents of cytochrome c (cyt c) with the concomitant reduction of H 2 O 2 to water (Yonetani 1976 (Yonetani 1976 ) and a radical on Trp-191 (Erman et al. 1989; Sivaraja et al. 1989; Houseman et al. 1993; Huyett et al. 1995) ; in turn, this intermediate is reduced via ET from cyt c. Based on a crystal structure of the CCP-cyt c complex (Pelletier and Kraut 1992) , residues W191-G192-A193-A194 of CCP were proposed to provide an efficient sigma-bond tunneling pathway (Beratan et al. 1992) between the heme of cyt c and the Trp-191 radical center of CCP. This proposal has been supported by studies indicating that efficient ET from cyt c requires the presence of the Trp-191 radical (Millett et al. 1995; Wang et al. 1996; Mei et al. 1999; Hirst et al. 2001a) . However, other studies have indicated multiple binding sites for cyt c on CCP, and thus it remains unresolved whether multiple or heterogeneous ET pathways are used in CCP Erman et al. 1997; Nocek et al. 1997; Wang and Pielak 1999; Leesch et al. 2000; Nocek et al. 2000) . The electrostatic environment surrounding the Trp radical has been proposed to strongly influence the stability of the radical (Fitzgerald et al. 1995; Jensen et al. 1998; Bonagura et al. 1999; Wirstam et al. 1999) . In addition, the oxidation of the enzyme to Compound I induces significant changes in the disorder of the proposed ET chain, suggesting that gated ET may play an important role in this enzyme (T. Poulos, pers. comm.) . Thus, the ET pathway may respond in a functionally specialized manner in the context of the surrounding protein, yet the exact nature of these roles has not been firmly established. For these reasons, it would be of considerable interest to replace the native ET pathway with a set of artificial structures that could be modified systematically.
Sensitizer-linked substrates (SLS) have recently been developed as a novel tool for engineering molecular recognition and function in redox active enzymes. For example, SLS probes containing a Ru-diimine sensitizer, linker, and substrate analog, have been designed to bind with high affinity and specificity to P450cam such that the substrate analog portion of the SLS occupies the enzyme active site, the sensitizer is at the protein surface, and the linker is threaded through a channel in the protein between the two sites (Dmochowski et al. , 2000 (Dmochowski et al. , 2001 Wilker et al. 1999; Dunn et al. 2001) . Photoexcitation of SLS probes containing Ru-sensitizers can be utilized to initiate ET through the probe to the active site, driving rapid oxidation or reduction of the buried heme. This approach may thus provide a new method to prepare unstable redox intermediates and follow their subsequent reactions Wilker et al. 1999; Dunn et al. 2001 ). More recently, SLS probes containing dansyl fluorophores have been designed that are quenched upon binding P450cam by Förster energy transfer to the heme . Fluorescence is restored when the probe is displaced by camphor, demonstrating that these probes may be useful in identifying substrate-based inhibitors. Consequently, SLS probes have great potential as a new tool for studying the redox chemistry of metalloproteins or as sensing elements for protein detection, molecular recognition events, and inhibitor discovery.
To date, these probes have been introduced into preexisting protein channels, but recent work suggests that it may be possible to explore an approach in which both the protein and the SLS are designed to be complementary. Several studies have shown that small molecule binding sites can be introduced into a protein by cavity engineering (Toney and Kirsch 1989; Vandekamp et al. 1990; Eriksson et al. 1992; Denblaauwen et al. 1993; Barrick 1994; Fitzgerald et al. 1994 Fitzgerald et al. , 1995 Fitzgerald et al. , 1996 McRee et al. 1994; Wilks et al. 1995; Goodin 1996; Newmyer and Ortiz de Montellano 1996; Goodin 1997, 1999; Musah et al. , 2002 Hays et al. 1998; Hirst and Goodin 2000; Hirst et al. 2001a Hirst et al. , 2001b . Often, it appears that the energetic penalty associated with repacking the protein around an engineered cavity exceeds that of leaving the cavity intact (Morton and Matthews 1995; Baldwin et al. 1998) . Thus, in a surprising number of cases, cavities introduced by mutagenic truncation of side chains do not collapse, but instead leave behind templates capable of binding small molecules that complement the packing, hydrogen bonding, and electrostatic interactions that were removed Fitzgerald et al. 1995 Fitzgerald et al. , 1996 Goodin 1996; Goodin 1997, 1999; Musah et al. , 2002 Hirst and Goodin 2000; Hirst et al. 2001a Hirst et al. , 2001b . We have shown that if the structure of the cavities and their response to ligand binding can be analyzed in detail, it is possible to use multiple design cycles to guide larger scale excavation of targeted segments of a protein structure. Using this approach, the proposed ET pathway was recently removed from CCP, resulting in a completely artificial 15 Å-deep channel extending from the surface of the enzyme to the proximal heme face ( Fig. 1 ) . The dimensions of the water-filled channel match those of the removed ET chain fairly accurately, and benzimidazole was observed to bind at the position of the Trp-191 radical side chain. These results suggest that suitably designed synthetic surrogates may bind to the excavated channel and restore electron transfer properties to the enzyme.
In this study, we report our results on the binding behavior of a library of synthetic peptides as candidates for the replacement of the proposed ET pathway. Both side chain and backbone properties were varied to allow identification of the important structural elements. The results indicate binding only for structures that accurately mimic the removed ET pathway. They also suggest that the engineered channel may exist in at least two conformations, and that these species display reversible and kinetically trapped behavior, respectively. These results are discussed in terms of their value in the next stage of designing functional artificial ET pathways in this enzyme.
Results

Design of the peptide library
The structure of the engineered channel mutant provided important observations to guide the design of our initial library. The channel envelops the excised structure very closely, with only minor changes in the surrounding protein forming the walls of the channel (Fig.  1) . Thus, the channel should serve as a template for molecules with roughly complementary structure and hydrogen bonding potential. Shown in Figure 2 are the hydrogen bonding interactions between the proposed ET pathway se-quence, Trp-Gly-Ala-Ala, and the surrounding protein as seen in the wild-type enzyme. An important interaction is formed between the indole nitrogen of Trp-191 and Asp-235 (Goodin and McRee 1993; Musah et al. 2002) . In turn, the carbonyl oxygen of Trp-191 and the amide groups of form hydrogen bonds with side chains of nearby residues . Additional hydrogen bonds are seen between polar groups on the peptide segment and ordered solvent molecules (H 2 O-308 and H 2 O-310) or are exposed on the surface of the protein. However, the structure of the engineered channel mutant suggested that a direct analog of the removed peptide (Trp-Gly-Ala-Ala) may not constitute an ideal surrogate. The shortened loop of the channel mutant resulted in a rethreading of the protein mainchain across the position occupied by H 2 O-308 in the WT structure (see Fig. 1 ). In addition, the position of this rethreaded segment changed in response to benzimidazole binding within the channel. Accordingly, we considered that the ideal surrogate might require an alternate arrangement of hydrogen bonding interactions compared to those observed with the WT ET chain. A second critical observation was that benzimidazole and other positively charged heterocycles bind in the cavity, but that analogous neutral compounds do not. Benzimidazole was observed to overlay the position of the indole ring of the WT Trp-191 side chain . This specificity for cationic heterocycles is also seen with the W191G cavity, and presumably reflects the electrostatics of the surrounding protein that has evolved to stabilize the radical cation form of Trp-191 (Fitzgerald et al. 1994 , 1996 Musah et al. , 2002 . The favorable binding enthalpy of heterocyclic cations therefore suggests that these cations might serve as bait for introducing artificial surrogates with a defined specificity for this channel.
To evaluate the effects of alternate hydrogen bonding patterns and the role of the bait residue, a peptide library, shown in Figure 3 , was constructed in which both of these features were varied. A number of cationic and neutral groups of the appropriate size were introduced at the bait position, followed by a peptide backbone that contained both natural and unnatural amino acids, including alanine, glycine, ␤-alanine, and ␥-aminobutyric acid. Thus, peptides exhibit the desired shape complementarity while providing variation in the spacing and placement of potential hydrogen bonding groups.
Screening for reversible binding
Two methods were used to screen the peptides ( Fig. 3 ) for behavior consistent with reversible binding to the channel mutant. Ligand binding to cavities adjacent to the heme can be detected by a small perturbation of the heme Soret band in UV/Vis spectra (Fitzgerald et al. , 1996 Musah et al. , 2002 Rosenfeld et al. 2002) . In addition, binding was evaluated by isothermal titration calorimetry (ITC), which measures the binding enthalpy directly independent of spectroscopic changes. To eliminate the known competition by buffer cations and to ensure protonation of the ligands, all binding titrations were performed in 100 mM BTP/CA/4.5 . As shown in Figure 4 , benzimidazole binding to the channel mutant was easily detected by both spectroscopic titration and ITC. However, 17, consisting of (benzimidazole-propionic acid)-Gly-Ala-Ala, was the only peptide in the library to give indication of reversible binding by UV/Vis and ITC. Most significantly, changing the charged bait residue to a neutral tryptophan while retaining the peptide backbone (1) resulted in the loss of binding behavior. Likewise, changing the pattern of hydrogen bonding groups in the peptide while retaining the charged benzimidazole-propionic acid (19) also resulted in complete loss of binding. Finally, no bind- Figure 3 . The peptide library used to screen for interactions with the channel mutant of CCP. Peptides were synthesized by solid-phase peptide synthesis (Fmoc chemistry). To maximize all possible hydrogen bonding interactions that could be observed between the peptides and residues lining the channel, the bait residue and peptide linkers were varied.
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Kinetic trapping of peptide surrogates
Trapping experiments were performed to test the possibility that the peptide surrogates may be prevented from reversible entry into the relatively restricted engineered channel. From the crystal structure of the channel mutant, it is clear that the peptides of Figure 3 could not completely enter the channel without some level of dynamic movement of the cavity walls. Attempts to investigate this effect by examination of binding behavior at elevated temperatures proved inconclusive due to protein instability. However, we have obtained evidence for trapping of peptides in the channel mutant after partial denaturation/refolding. For these experiments, we used 20, a version of 17 labeled with a dansyl fluorophore (Fig. 3) . 20 was synthesized by adding a lysine to the N-terminal end of the 17, followed by addition of the fluorescent dansyl reporter group ( ex ‫ס‬ 330 nm, em ‫ס‬ 550 nm) to the amino group of the lysine side chain. To trap the peptides, the protein was first incubated in the presence of guanidine hydrochloride (GuHCl) at a concentration sufficient to cause some disruption of tertiary structure, but well below that resulting in complete denaturation and loss of heme. To determine the ideal GuHCl concentration, the channel mutant was titrated with GuHCl in 200 mM BTP/CA/4.5 at 25°C while monitoring the heme Soret absorbance. Under these conditions, we determined that 500 mM GuHCl is slightly below the point where a significant change in heme absorbance occurs (data not shown).
For the trapping experiments, the channel mutant (75 M) was incubated for 30 min in 500 mM GuHCl, 200 mM BTP/CA/4.5 at 25°C along with a 13-fold excess of 20 (1 mM). Gel filtration in buffer containing 20 but not GuHCl was used to initiate refolding with the removal of GuHCl, followed by a second gel filtration in buffer to remove unbound 20. Fluorescence spectra of the resulting protein (Fig.  5A) showed that 20 remains trapped by the channel mutant after this treatment. Significantly, no trapping is observed when the order of removal is reversed and peptide is removed before refolding (Fig. 5D) . Additionally, we note that the observed emission maximum of 20 is red-shifted by 13 nm when bound to the channel mutant. To demonstrate that the binding of 20 is not dependent on the dansyl group, the trapping experiment was repeated in the presence of 17 at 1 and 10 mM concentrations. The resulting fluorescence spectra (Fig. 5B, 5C , respectively) exhibit a significant loss in signal, thus clearly demonstrating that 17 is able to compete with 20 for the same binding site.
Activity measurements
Finally, we have examined the functional effects of reconstituting 20 into the channel mutant. As expected, the activity of the channel mutant, as measured by the steady-state rate of oxidation of horse heart ferrocytochrome c by H 2 O 2 is reduced to less than 0.1% of the rate observed for WT CCP (∼ 300 sec −1
). The activity of the channel mutant after reconstitution with 20 also remained less than 0.15% of the WT CCP rate. It is noted that we do not at present have an accurate determination of the fractional occupation of the peptide in the protein.
Discussion
Several conclusions can be made about the cavity-template approach for replacing a defined element of protein structure with a synthetic element. The existence of detailed structures for both WT CCP and the channel mutant enabled the design of synthetic surrogate candidates that would preserve interactions observed in the native pathway, while adapting to small changes seen upon its excision. This analysis suggested that the hydrophobic linkers used in previous SLS probes of P450cam would not complement the hydrogen-bonding and electrostatic properties of the engineered channel mutant. Indeed, we have observed no evidence of interaction of the P450 specific SLS probes Ru-C 11 -Im, Ru-C 9 -EB, or Ru-F 8 bp-Im Dmochowski et al. 2000 Dmochowski et al. , 2001 Dunn et al. 2001 Dunn et al. , 2002 with the channel mutant (data not shown). Consequently, both natural and unnatural peptides were utilized to permit comparable flexibility and variation in spacing of possible hydrogen bond donors and acceptors.
In one sense, success would seem to depend strongly on the availability of structural information for both the original and excavated proteins. Clearly, structures were critical in verifying that the cavity template was created without significant rearrangement of the surrounding protein. The unpredictable response of a protein structure to mutagenic variation has made it imperative to combine structural characterization with mutagenesis studies. It thus remains remarkable how often cavity creating mutants result in minimal collapse of the surrounding structure (Toney and Kirsch 1989; Vandekamp et al. 1990; Eriksson et al. 1992; Denblaauwen et al. 1993; Barrick 1994; Fitzgerald et al. 1994 Fitzgerald et al. , 1995 Fitzgerald et al. , 1996 McRee et al. 1994; Morton and Matthews 1995; Wilks et al. 1995; Goodin 1996; Newmyer and Ortiz de Montellano 1996; Goodin 1997, 1999; Musah et al. , 2002 Baldwin et al. 1998; Hays et al. 1998; Hirst and Goodin 2000; Hirst et al. 2001a Hirst et al. , 2001b . Clearly, cavities are often not as energetically disruptive as mutants that force alternate packing solutions, and lost hydrogen bonds can often be replaced by strategically placed solvent with minimal energetic cost. However, for binding surrogates, these will become very important considerations. Small movements of the cavity walls during excavation could easily offset the 3-5 kcal/mole binding free energy that is likely to result from initial screens for surrogate molecules, suggesting that the template structure must be examined carefully for potentially disruptive changes. In addition, the surrogate must accurately recapture all of the lost hydrogen bonding interactions of the original structure to avoid irretrievable penalties in binding free energy.
In this regard, our results with the CCP channel mutant are quite surprising. The structure of the channel mutant showed that the shortened sequence was rethreaded through an adjacent region, displacing a solvent molecule that contributed a hydrogen bond to the removed mainchain. Although this rethreaded sequence could provide a hydrogen bond to a surrogate peptide in place of the lost solvent molecule, it is unclear if it does so. As this segment was observed to move in response to benzimidazole binding , it is also possible that rearrangement of this segment allows solvent to play its native role. It was this alteration that prompted our use of a library of alternate backbone configurations, as it was uncertain if the redesigned channel could regain hydrogen bonding by a completely analogous surrogate. However, it appears that the native template remains the most ideal among those that we have examined at this point. Thus, despite indications from the structure to the contrary, the cavity-template approach appears to provide an efficient method for design of highly specific surrogate ligands.
A number of conclusions may also be inferred about the mode of interaction for the designed peptides with the en- gineered channel. First, binding affinity appears to require a cationic heterocycle at the position analogous to the Trp-191 cation, and it appears to depend strongly on the arrangement of hydrogen bonding atoms in the peptide backbone. Notably, the only peptide to exhibit clear binding behavior was peptide 17 (and the variant 20), which accurately reproduces the features found in the native enzyme. This effectively defines a strategy for the design of specific surrogates based on the cavity-template approach used for smaller cavities in this and other enzymes (Vandekamp et al. 1990; Denblaauwen et al. 1993; Barrick 1994; Fitzgerald et al. 1994 Fitzgerald et al. , 1995 Fitzgerald et al. , 1996 McRee et al. 1994; Wilks et al. 1995; Goodin 1996; Newmyer and Ortiz de Montellano 1996; Goodin 1997, 1999; Musah et al. , 2002 Hays et al. 1998; Hirst and Goodin 2000; Hirst et al. 2001a Hirst et al. , 2001b . Second, this same peptide, 20, also exhibited behavior consistent with its being kinetically trapped in the protein after partial denaturation/refolding. This behavior is distinct from that exhibited by the W191G mutant, where the cavity is completely buried yet reversibly binds a range of ligands (Fitzgerald et al. 1996; Musah et al. 2002) . The results with W191G suggest that the protein undergoes a degree of conformation dynamics that allows transient access of ligands to the buried cavity, while kinetic trapping of the larger peptides in the channel mutant suggests that such states are not thermally accessible. It is possible that peptide entry into the channel would require larger conformational changes, or perhaps sequential multi-step transitions similar to that proposed for acetylcholinesterase (Shen et al. 2001; Lin et al. 2002) .
The observation of both reversible binding and kinetic trapping behavior by 17 and 20 deserves comment, as these properties would seem to be mutually inconsistent. Clearly, one explanation is that two sites exist for interaction with the channel mutant, although several observations disfavor this possibility. First, both behaviors appear to be dependent on the cation and backbone arrangement in the peptide that matches the cavity template. Second, the reversible binding behavior is not seen for the WT enzyme, suggesting that it is dependent on the existence of the channel. We note that trapping experiments performed with 20 using the WT enzyme provide some evidence for trapping of the peptide. However, this is not inconsistent with its binding at the channel site, because we have previously found that the best ligands for the W191G cavity are able to displace the Trp-191 side chain from WT CCP and induce a conformational change in the ET pathway segment that mimics our channel mutant (Cao et al. 1998 ). Thus, although two spatially distinct sites may exist on the channel enzyme that are both specific for 17 and 20, we favor a model in which the channel itself exists in more than one conformational state, one of which allows reversible binding, and another that presents a thermally inaccessible barrier to ligand entry and exit.
The specific interactions observed between 17 or 20 and the channel mutant appear to be similar to those observed with small peptides binding to the oligopeptide binding protein OppA (Sleigh et al. 1999) . These studies have shown that a complete picture of a protein-peptide complex requires not only analysis of the complex, but also solvation changes upon association (Davies et al. 1999; Sleigh et al. 1999) . Studies have also shown that ligand binding can be controlled by dynamic processes involving conformational flexibility around the native state (Shen et al. 2001; Lin et al. 2002; Ma et al. 2002) . Similar processes have also been studied by X-ray crystallography, in which regions of high thermal factors are indicative of preferred paths for ligand entry from the solvent to the protein core (Carugo and Argos 1998) . These preexisting populations are in equilibrium, and therefore guide ligand binding, yet the shape of the binding site can also be influenced by the molecular partner Ma et al. 2002; Musah et al. 2002; Rosenfeld et al. 2002) .
In conclusion, we have taken steps to establish host-guest replacement of the proposed ET pathway of CCP by simultaneous design of the ligand and protein binding site. Our study has established the utility of the cavity-template approach for introducing peptides that are structurally analogous to excised structures. Extension of these peptide templates will provide a basis for the design of specific sensitizer-linked substrates to serve as surrogates for the ET pathway, allowing a new approach to study ET events in redox proteins.
Materials and methods
Protein expression and purification
The channel mutant was constructed in the Escherichia coli expression plasmid pT7CCP by oligonucleotide site-directed mutagenesis as previously described Rosenfeld et al. 2002) . Protein was overexpressed in E. coli BL21(DE3), purified, and reconstituted with heme according to previously reported procedures . UV-Vis absorption spectra were used to calculate protein concentration based on the molar absorptivity at 412 nm ( ‫ס‬ 103.6 mM −1 cm −1 ), as determined from pyridine hemochromogens (Nicola et al. 1975; Fitzgerald et al. 1994) . Purified protein was recrystallized twice from distilled water and stored as a crystal suspension at 77 K.
Peptide and ligand synthesis
Peptides were synthesized manually on Rink Amide resin (Novabiochem) using a standard protocol for HBTU(Novabiochem)/ HOBt (Novabiochem)/collidine (Fluka) activation of 9-flurorenyl methoxycarybonyl(Fmoc)-protected amino acid derivatives: FmocGly-OH, Fmoc-Ala-OH, Fmoc-␤-Ala-OH, Fmoc-␥-aminobutyric acid, Fmoc-Trp-OH, Fmoc-Lys(Dde)-OH (Novabiochem). The side chain of Lys was protected with 4,4-dimethyl-2,6-dioxocyclohex-1-ylidene-ethane. The coupling reaction was performed in dimethylformamide (DMF, Aldrich) for 30 min using two-to threefold excess of amino acid. Fmoc removal was performed with 20% piperidine (Fluka) in DMF. After peptide chain assembly, three-to fourfold excess of ligand was coupled overnight using either collidine or triethylamine (TEA, Sigma) as base, and when applicable dansylated after the Lys side chain was deprotected using 2% hydrazine in DMF. Cleavage from the resin was achieved with 95% trifluoroacetic acid (TFA, Sigma), 2.5% triisopropylsilane (TIS, Fluka), and 2.5% water for 1 h. The resin was removed by filtration and the remaining TFA solution concentrated under nitrogen flow. The peptides were precipitated with diethyl ether and lyophilized from glacial acetic acid. Peptides were further purified by HPLC (Hitachi L-6200A intelligent pump, L-4200 UV-Vis detector) using a preparatory Supelcosil PLC-18 C18 reversed phase column with a flow rate of 4 mL/min with detection at 230 or 320 nm. Solvent A contained 0.1% TFA in water, and solvent B contained 90% acetonitrile (Sigma) and 10% of a 0.1% aqueous TFA solution. Peptides were eluted with a linear gradient from 0 to 50% B over 55 min. Fractions were lyophilized and analyzed by electrospray mass spectrometry (Scripps Center for Mass Spectrometry).
N-methylimidazole-2-carboxylic acid (Wade et al. 1992 ) and benzimidazole-1-acetic acid (Upadhyay and Srivastava 1994) were synthesized as previously described. Synthesis of N-benzimidazole propionic acid was performed by refluxing equimolar amounts of benzimidazole (Janssen Chimica), bromopropionic acid (Fluka), and a slight excess of TEA in isopropanol (Sigma) for 5 h. The reaction mixture was concentrated and stored overnight at −20°C. Acetonitrile was added and stirred at room temperature for 2 h, and solvent removed on a roto-evaporator. The final product yielded N-benzimidazole propionic acid with a yield of approximately 30%-40%. 2-Benzimidazole propionic acid, 5-benzimidazole carboxylic acid, indole-3-propionic acid, azatryptophan and 5-hydroxy tryptophan were purchased from Sigma-Aldrich or AnaSpec Inc. and used as received.
Binding measurements
Protein was prepared for binding experiments by dissolving crystals in 500 mM Bis-Tris propane/citric acid at pH 4.5 (BTP/CA/ 4.5) to give a stock solution, and then diluted to give desired protein concentration and ionic strength for individual measurements. Peptide solutions were prepared in the same buffer solution as the protein and concentrations determined by weight or estimated utilizing the extinction coefficients of tryptophan or benzimidazole-2-carboxylic acid (Sinha et al. 1989) . Measurements of reversible binding were obtained from the observed perturbation of the heme Soret band or by isothermal titration calorimetry (ITC) as described previously for the W191G cavity mutant . Kinetic trapping of peptides in the channel was inferred by fluorescence measurements of dansylated peptide analogs using a Spex Fluoromax-3 fluorimeter (Jobin Yvon Inc.). The concentration of dansylated peptide was estimated using the dansyl molar extinction coefficient ( ‫ס‬ 3400 M −1 cm −1 ) at 330 nm. Protein samples (75 M in 200 mM BTP/CA/4.5) were incubated with 500 mM guanidine HCl (GuHCl, Sigma) and 13-fold excess of dansylated peptide (20) for 30 min. The sample was then divided in two. For one sample, the GuHCl was removed first, followed by excess peptide using sequential gel filtration columns (Micro-Spin 6, BioRad) run in buffer A (200 mM BTP/CA/4.5 + 1 mM peptide) and buffer B (200 mM BTP/CA/4.5), respectively. For the other sample, the order of removal was reversed. The emission spectra were scanned between 400 to 700 nm in a reduced-volume quartz cuvette (400 L) with an excitation wavelength of 330 nm at intervals of 0.5 nm with 1-sec integration time at each wavelength.
The bandwidths for both excitation and emission spectra were 2.5 nm. Both emission correction spectra and blank spectra were subtracted from the raw data emission spectra. For the competition assay, the trapping experiment was repeated in the presence of either 1 or 10 mM 17. Again, first GuHCl was removed, followed by the removal of excess peptide using sequential gel filtration columns.
Activity measurements
The rate of CCP-catalyzed oxidation of reduced horse heart cytochrome c (cyt c) by H 2 O 2 was determined as previously described (Goodin et al. 1987 (Goodin et al. , 1991 , except that the concentration of the channel mutant and the channel mutant reconstituted with 20 was increased to 250 nM, due to the relative unreactivity of the mutant toward cyt c oxidation. Kinetic determinants were carried out at 22°C in 20 mM TRIS/phosphate (pH 6.45), 25 M reduced cyt c, and 10-120 M H 2 O 2 .
